ABSTRACT We have obtained the nucleotide sequence of the genomic RNAs of two alphaviruses, Sindbis virus and Middelburg virus, over an extensive region encoding the nonstructural (replicase) proteins. In both viruses in an equivalent position an opal (UGA) termination codon punctuates a long otherwise open reading frame. The nonstructural proteins are translated as polyprotein precursors that are processed by posttranslational cleavage into four polypeptide chains; the sequence data presented here indicate that the COOH-terminal polypeptide, ns72, may be produced by read-through of this opal codon. The high degree of amino acid homology between the ns72 polypeptides of the two viruses, in contrast to the lack of conserved sequence upstream from the read-through site, suggests that ns72 plays an important role in viral replication, possibly modulating the action of other replicase components.
The alphavirus genus of the family Togaviridae contains about 20 members, many of which are important human or veterinary pathogens. These viruses contain an infectious -RNA of about 11,700 nucleotides, which sediments at 49 S (reviewed in ref. 1 ). In the virus this RNA is surrounded by a single species of basic protein, the capsid protein, to form a nucleocapsid with cubic symmetry. As the final event in maturation this capsid buds through the plasma membrane of the infected cell and acquires an envelope containing lipids of host cell origin and two virus-encoded transmembrane glycoproteins, termed E2 and El.
The alphaviruses produce two messenger RNAs after infection (1) . The first, 49S RNA, appears to be identical to the RNA in the virion and is translated as polyproteins that are processed to form the nonstructural proteins (2) required to replicate the virus RNA and to transcribe a subgenomic 26S RNA. This 26S RNA is the major messenger found on host cell polysomes and is translated into the structural proteins found in virions. The sequences of the 26 RNAs of three alphaviruses, Semliki Forest virus (3, 4) , Sindbis virus (5), and Ross River virus (6) , have been determined recently and the details of the encoded proteins established. We have previously reported that the translation of the nonstructural polyproteins from alphavirus 49S RNA terminates with multiple in-phase stop codons positioned about two-thirds of the distance from the 5' end (7) . In this communication we report that translation of the nonstructural proteins is modulated by the presence of an opal codon within the RNA.
MATERIALS AND METHODS
Preparation of RNA. Growth of Sindbis virus or Middelburg virus and preparation of 49S RNA from infected cells or from purified virions have been described (8) .
Sequence of Sindbis RNA. Sindbis 49S RNA was transcribed into DNA by using reverse transcriptase and random priming as described (9) . The single-stranded (ss) cDNA was cut with restriction enzymes Hae III or Taq I and the resulting fragments were subjected to sequence analysis by the chemical methods of Maxam and Gilbert (10), as described (9) . All but one of the Hae III fragments longer than 30 nucleotides and about 30 Taq I fragments that contained non-26S sequence were subjected to sequence analysis. At this stage, together with the sequence of the 26S RNA (5) , about 90% of the 49S sequence had been obtained. These sequences were aligned by restriction enzyme analysis of double-stranded (ds) cDNA made to 49S RNA by using infrequently cutting enzymes such as EcoRI (6) . At this point fragments encompassing the entire 49S sequence could be aligned but the sequence still possessed gaps and ambiguities due to compression artifacts. Using this information to devise a cloning strategy, we obtained the entire genome as four nonoverlapping clones in a plasmid derivative of pBR322 (unpublished data). Cloned DNA was used to sequence selected regions of the genome by the chemical method. A detailed description of the methods used and the entire sequence of the Sindbis 49S RNA will be presented elsewhere.
Sequence Analysis of Middelburg RNA. A large number of Hae III fragments from ss cDNA made to Middelburg 49S RNA were subjected to sequence analysis as previously described (9) . These sequences were translated in all three reading frames and the deduced amino acid sequences were compared to those of Sindbis virus by using computer homology routines. In this way most of the sequences of the Middelburg fragments obtained could be positioned relative to the Sindbis 49S RNA sequence and a partial restriction map was generated by computer. Long ds cDNA was cut with infrequently cutting enzymes and the resulting fragments were subjected to sequence analysis to confirm the alignment and obtain additional sequence.
Only two EcoRI sites were found to be present in Middelburg RNA, bracketing the region containing the stop codon. ds Middelburg cDNA was cut with EcoRI and a 2.5-kilobase fragment was cloned into the EcoRI site of a plasmid derived originally from pBR322. This cloned fragment was subjected to sequence analysis in its entirety. A sequence analysis schematic for both viruses is shown in Fig. 1 Fig. 3 ). For Sindbis virus this stop codon interrupts an otherwise open reading frame for 2,513 amino acids and is found at position 1,897 in this sequence (unpublished data). For both viruses the sequence through the stop codon was obtained with both ss cDNA as well as cloned DNA (Fig. 1) . As noted earlier, the sequence of ss cDNA gives the majority nucleotide at any position for the population of reverse transcriptase copies produced from the population of RNA molecules and thus cloning artifacts, reverse transcriptase errors, or minor components in the RNA population do not influence the results. Furthermore, in the case of Sindbis virus both strands of the cloned cDNA were subjected to sequence analysis in both directions (i.e., both 5' to 3' and 3' to 5') to rule out sequence analysis artifacts. The existence of the identical stop codon in the same position in two different alphaviruses makes it clear that this opal codon is a fundamental landmark in the alphavirus genome.
Downstream of the terminator, there is a long open reading frame encoding highly conserved proteins in the two viruses ( Fig. 3 and also see below), indicating that this sequence must be translated in vivo to produce a protein important for virus replication. Direct evidence for the existence of such a polypeptide, called ns72, comes from experiments with an antibody produced in rabbits to the synthetic polypeptide Arg-Gly-GluIle-Lys-His-Leu-Tyr-Gly-Gly-Pro-Lys, which is the deduced amino acid sequence at the COOH terminus of this polypeptide for Sindbis virus (overlined in Fig. 3 ). This antipeptide antibody precipitates ns72 as well as several larger polypeptides, presumably precursors, from Sindbis-infected cells (S. Lopez and J. Bell, personal communication). Polypeptide ns72 could be produced by several mechanisms, including translation from a spliced message, internal initiation, or read-through synthesis. The presence of a minor spliced message seems unlikely in view of the fact that spliced mRNAs have not been detected for animal RNA viruses whose messages are produced solely in the cytoplasm and no evidence for such a RNA has been found for alphaviruses (12) . Similarly, no indication of internal initiation has been seen for alphaviruses either in vivo (2) or in vitro (13) . Moreover, the first methionine residue downstream of the opal codon is located at residue 1,957 and would result in a polypeptide only 556 amino acids long. Because the open reading frames upstream and downstream of the termination signal are in phase, the most likely mechanism for producing ns72 that fits all of the existing data is read-through synthesis to produce a full-length polyprotein precursor of 2,513 amino acids, followed by posttranslational proteolytic cleavage. Indeed, minor amounts of such a precursor have been detected during in vitro translation of 49S RNA by Collins et aL (13), who suggested on the basis of the synthesis kinetics that this polypeptide might be produced by read-through of a stop codon. Moreover, the largest polypeptide precipitated from infected cells by the antibody to the COOH-terminal peptide is sufficiently large to be the 2,513 amino acid protein encoded by the entire nonstructural region (S. Lopez and J. Bell, personal communication).
Thus, we believe that translation of Sindbis virus 49S RNA produces two polyproteins, which contain the nonstructural proteins, both of which are initiated at the same location near NONSTRUCTURAL Fig. 1 and to the sequences shown in Fig. 3 ; the asterisk marks the opal codon. The crosshatched box is the region translated from the 26S subgenomic RNA into the structural proteins. Proc. Natl. Acad. Sci. USA 80 (1983)
UA AGA AGUGC CGUUC CGUCUCCUUUCC AkAAUACACUGCAGAACGUGUUGGC CGCUGC C ACGA AA CGCAACUGC AACGUGACGC AGA UGC GGG AGCUGC CGA^CCUUGGAUUC AGCGGUGUUUA AUGUCGAG the 5' end. One precursor is 1,896 amino acids long, terminates at the opal codon, and is cleaved to produce ns6O, ns89, and ns76. The second precursor is produced in relatively smaller amounts by read-through of the opal codon, is 2,513 amino acids long, terminates at the multiple in-phase termination codons in the junction region, and is cleaved to produce a fourth protein, ns72, presumably in addition to the three products mentioned above (Fig. 2) . ns6O, ns89, and ns76 have been observed in both lysates of infected cells (reviewed in ref. 2) and as the products of in vitro translation of 49S RNA (13) but the small amounts of ns72 produced have only been visualized by immunopre' cipitation.
The protein-encoding regions on either side of the opal termination codon have several interesting features, which are illustrated in Fig. 4 . Fig. 4 shows a dot matrix in which the amino acid sequences of Sindbis virus throughout the region contained'in Fig. 3 are compared with those of Middelburg virus nine residues at a time. A dot is placed in the matrix whenever five residues in the string of nine match. The diagonal lines show regions of protein homology between the two viruses; offdiagonal marks are due to random matches.,It is obvious that the two viruses are fairly closely related and Fig; 4 --also illustrates the principle used for alignment of Middelburg sequence data with that of Sindbis virus. Downstream from the opal termination codon (arrow in Fig. 4) Fig. 3 ; the boxed X is the position of the opal codon.
Proc. Nad Acad. Sci. USA 80 (1983) homology (Fig. 5) . We have postulated that components of the alphavirus replicase recognize specific nucleotide sequences' of about 20 nucleotides in length in the RNA as promoter sites (7, 11, 14) and it is tempting to speculate that the highly conserved core of ns72 has such a function. In any event, the high degree of homology between these two viruses indicates an important function for ns72 in the virus replication cycle. As has been previously noted (7), the alphaviruses have diverged sufficiently such that the codon used for any particular amino acid has been randomized, even in highly homologous segments. In ns72 different codons are used between Sindbis and Middelburg for the same amino acid in 57% of the cases in which conservation occurs (Fig. 3) . The slight difference from complete randomization (66% difference) probably arises because some codons are infrequently used by alphaviruses (5, 6) . Thus, conservation of amino acid sequence is highly significant and the translation frame can be deduced by comparison of conserved amino acid sequences; because of the divergence-in codon usage the highest degree of protein sequence homology is observed only when the proper translation frames are being compared.
Although termination codons have been located within the translated regions of a number of viruses, at the current time the alphaviruses appear unique among animal viruses in using read-through to modulate the synthesis of their proteins. An amber codon punctuates the genome of the murine retroviruses between the gag and pol genes (15) and it was originally believed that read-through was the mechanism for producing relatively minor amounts of the polymerase products (16, 17 (18) and thus the polymerase moieties may be produced from a minor species of messenger produced by splicing in which the amber codon could have been deleted. Amber codons are also present in the genomes of a variety of-RNA plant viruses [including tobamoviruses (19) and tymoviruses (20) ] and t.read-through products have been obtained by translation of these and other plant virus RNAs in in vitro protein synthesis systems (20) (21) (22) (23) (24) . Whether these experiments accurately reflect the conditions of replication during normal infection is unclear at this time.
The mechanism by which read-through of an opal codon might occur during alphavirus infection is unknown. Specific suppression of the opal codon is unlikely because in the case of Sindbis virus the translation of the structural proteins is terminated with an opal codon (5). The-simplest mechanism predicts that read-through is a probablistic event of relatively low frequency, perhaps due to wobble in the first anticodon position to insert a tryptophan. If so, accumulation of ns72 would be relatively slow in the infected cell and functionally ns72 would appear as. a late protein. An attractive hypothesis for the func--tion of such a polypeptide is as a controlling or modifying factor for the polymerase, perhaps to effect the shutoff of minus-strand template synthesis that occurs at 3-4 hr postinfection (25, 26) .
Thus, alphaviruses, with a small and relatively simple genome, are capable of regulating the synthesis of their virus-encoded products at three different levels by two different mechanisms. Production of a subgenomic (26S) RNA as the predominant message in infected cells insures that most of the virusspecific protein synthesis is devoted to production of the structural proteins. Translation of the genomic RNA up to the opal codon produces three nonstructural polypeptides in lesser amounts and read-through may produce a fourth polymerase component in very small quantities for specific regulation of replication.
